Our recent study found that activation of signal transducer and activator of transcription 3 (Stat3) is up-regulated in human brain metastatic cells and contributes to brain metastasis of melanoma. However, the molecular mechanisms underlying this increased Stat3 activation and effect on brain metastasis are unknown. In this report, we showed that the expression of Janus-activated kinase 2 (JAK2), a Stat3 activator, was increased, whereas the expression of a negative regulator of Stat3, suppressor of cytokine signaling-1 (SOCS-1), was reduced in the brain metastatic melanoma cell line A375Br, relative to that in the parental A375P cell line. Consistently, SOCS-1 expression was also lower in the human brain metastatic tissues than in the primary melanoma tissues. Mechanistically, increased JAK2 expression in the A375Br cells was due to, at least in part, its decreased degradation, which was directly correlated with low expression of SOCS-1. Moreover, restoration of SOCS-1 expression resulted in the inhibition of Stat3 activation, whereas depletion of SOCS-1 up-regulated Stat3 activation. These clinical, experimental, and mechanistic findings strongly suggest that increased activation of Stat3 in brain metastatic melanoma cells might be due to decreased SOCS-1 expression. Furthermore, restoration of SOCS-1 expression in brain metastatic A375Br cells significantly inhibited brain metastasis in animal models (P < 0.001). Additionally, alterations of SOCS-1 expression profoundly affected the expression of matrix metalloproteinase-2 (MMP-2), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) and the melanoma cell invasion and angiogenesis. Collectively, these data suggest that the loss of SOCS-1 expression is a critical event, leading to elevated Stat3 signaling and overexpression of MMP-2, bFGF, and VEGF, as well as enhanced invasion and angiogenesis of melanoma cells, consequently promoting brain metastasis. [Cancer Res 2008;68(23):9634-42] 
Introduction
Melanoma is one of the few remaining cancers for which the incidence rate is increasing (1) . Deaths from malignant melanoma are also increasing (2) . Brain metastasis occurs in 40% to 60% of patients with advanced melanoma and is the cause of death in most cases (3) (4) (5) (6) . However, little is known about the biological and molecular basis of melanoma brain metastases, despite its high incidence and effect on survival.
We previously reported that the signal transducer and activator of transcription 3 (Stat3) activity was higher in human brain metastatic cells than in primary melanoma cells and that high Stat3 activity contributed to brain metastasis of melanoma (7) . However, the mechanism(s) responsible for the increased Stat3 activity in brain metastatic cells are unclear. It could be due to elevated activation signals or/and decreased inhibitory signals present in the brain metastatic cells. Studies have shown that numerous cytokines, growth factor, and specific oncogenic proteins can activate Stat3 through receptor-associated Janus-activated kinases (JAK), such as JAK2. Studies have also reported that suppressor of cytokine signaling-1 (SOCS-1), also called JAKbinding protein or Stat-induced Stat inhibitor-1, could be an inhibitory molecule for Stat3 activation (8, 9) . Presumably, aberrant expression and disturbed signaling of those molecules could critically affect brain metastasis.
SOCS-1 is a member of the SOCS family of negative regulators of cytokine signal transduction (8) (9) (10) . SOCS-1 protein was identified as being involved in a negative feedback loop in cytokine signaling. SOCS-1 suppresses cellular responses to various cytokines, including interleukin-6 (IL-6), IL-4, leukemia inhibitory factor, oncostatin M, IFN, and growth hormones (8) (9) (10) (11) (12) (13) (14) . SOCS-1 turns off cytokine signal transduction, in part, through direct interaction with active JAKs by binding to their activation loop through its SH2 domain, thereby blocking subsequent signaling that requires phosphorylation and activation of the Jak/Stat pathway (15) . A second critical role for SOCS-1 in signal down-regulation is through its targeting of associated proteins for proteasomal degradation (16) . For example, SOCS-1 has been shown to be an ubiquitin ligase for JAK2 (17, 18) by means of its COOH terminal homology domain SOCS box, which targets JAK2 for ubiquitination and proteasomal degradation.
The roles of SOCS-1 in tumor development and progression seem to be cell type-specific. Several studies indicate SOCS-1 as a tumor suppressor gene. For example, restoration of SOCS-1 suppressed both the growth rate and anchorage-independent growth of hepatocellular carcinoma cells with methylation-silenced SOCS-1 and constitutively activated JAK2 (19) . Moreover, ectopic expression of SOCS-1 can block the transforming activity of several oncogenes, including TEL-JAK2 (a constitutively active form of the KIT receptor) and v-ABL (20) , and reduce metastasis of BCR-ABLtransformed cells. The tumor suppressor function of SOCS-1 was further shown by a study showing that SOCS-1 had antitumor effects through attenuation of IL-6 signaling (21, 22) . Conversely, SOCS-1 might be a marker of progression rather than a tumor suppressor in human melanoma, because the primary melanoma cells express SOCS-1 in vitro and in situ, and SOCS-1 immunoreactivity is closely related to tumor invasion, tumor thickness, and disease stage (23) . Another known function of the SOCS-1 protein is its ability to inhibit Stat1 (8, 9, 14) , which we found had inhibitory effects on tumor metastasis (24) . Nevertheless, the role and regulation of SOCS-1 expression in brain metastasis of melanoma have not been determined.
In this study, we examined SOCS-1 expression levels in melanoma cell cultures and tissues and determined the effects of altered SOCS-1 expression on Stat3 signaling, tumor angiogenesis, invasion, and brain metastasis.
Materials and Methods
Cell lines and culture conditions. Human melanoma cell line A375P and brain metastatic melanoma cell lines A375Br and TXM-18 (7) were used. All cell lines were maintained as adherent monolayers in Eagle's MEM, supplemented with 10% fetal bovine serum, sodium pyruvate, nonessential amino acids, L-glutamine, and a vitamin solution (Invitrogen).
Pulse-chase experiments. A375P and A375Br cells (2 Â 10 7 each) were harvested and incubated at 37jC for 15 min in methionine and cysteine-free MEM. Cells were pulsed with 0.5 mCi (18.5 MBq) [ 35 S]methionine (Amersham Biosciences) in 2 mL methionine and cysteine-free MEM for 30 min. Cells were washed thrice in PBS and incubated in chase medium (MEM supplemented with 10% FCS and 10-fold molar excess of Cys and Met) for various times.
Immunoprecipitation and determination of JAK2 degradation. Cell lysates were prepared, as described previously (25) . Lysates were then precleared with 100 AL protein A-agarose bead slurry (Amersham Biosciences) for 1 h, and 35 S incorporation into total proteins was determined by liquid scintillation counting. Aliquots of 500 Ag total protein were incubated with 5 Ag anti-JAK2 antibody (Cell Signaling Technology) and 100 AL protein A-agarose bead slurry overnight at 4jC. Agarose beads were collected and washed in ice-cold lysis buffer. Samples were heated and separated on 10% SDS-PAGE by electrophoresis. The gels were fixed and saturated with Amplify solution (Amersham Biosciences), dried, and autoradiographed. For quantification of JAK2 synthesis and degradation, labeled bands were analyzed using the NIH Image software.
Human tissue specimens and immunohistochemical analyses. Tissue specimens of primary human melanoma and brain metastasis were obtained from a tumor tissue bank maintained at The University of Texas M. D. Anderson Cancer Center. An institutional review board approval was obtained for the study. Sections of paraffin-embedded tissue specimens were stained with an anti-SOCS-1 antibody (1:200 dilution; Zymed Laboratories, Inc.). Tissue sections were immunostained with nonspecific IgG and used as negative controls. Staining was scored by using a three-tier system that incorporated the percentage of positive cells and staining intensity (26) : negative (0/+), moderate positive (++), or strong positive (+++). Staining was scored by two investigators, who examined five random fields of each sample while blinded to the clinical data.
Animals. Pathogen-free female athymic BALB/c nude mice were purchased from the Animal Production Area of the National Cancer Institute, Frederick Cancer Research Facility. The animals were maintained in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care in accordance with the current regulations and standards of the U.S. Department of Agriculture, Department of Health and Human Services, and NIH.
Transfection. To generate the pcDNA3.1-SOCS-1 plasmid, SOCS-1 cDNA was released by XbalI digestion of the pEF-FLAG/SOCS-1 plasmid (8) and subcloned into the pcDNA3.1-hygro vector (Invitrogen). A375Br melanoma cells were transfected with either the pcDNA3.1-SOCS-1 or control plasmids using Lipofectamine 2000 (Invitrogen). Stably transfected cell lines were isolated by hygromycin selection (150 Ag/mL). TXM-18 cells were also transfected with either the pcDNA3.1-SOCS-1 or the pc-DNA3.1-hygro plasmids. A375P cells were transfected with either SOCS-1 small interfering RNA (siRNA; 5 ¶-CUACCUGAGCUCCUUCCCCUUdTdT-3 ¶; Dharmacon) or control siRNA (100 nmol/L; Ambion).
Analysis of apoptosis by propidium iodide staining. Cells cultured on culture dishes for 48 h were collected and then fixed in 70% alcohol. After fixation, cells were treated with RNase (100 mg/mL) and stained with 40 mg/mL propidium iodide (PI; Sigma). The PI-stained cells were incubated in the dark at room temperature for 30 min and analyzed by flow cytometry with excitation set at 543 nm. The apoptotic rate was calculated from hypodiploid DNA peak of apoptotic cells by Cell Quest software (Becton Dickinson).
In vivo model of brain metastasis. The brain metastasis model used has been described previously (7, 27) . Tumor cells (1 Â 10 5 in 0.1 mL of HBSS) were injected into the internal carotid artery. Mice without symptoms were killed 120 d after tumor cell inoculation; other mice were killed when they seemed moribund or developed clinical symptoms, such as immobility, weight loss, or a hunched position. Survival times for each mouse were recorded. The mouse brains were removed, and 10 serial sections every 300 Am through a brain were prepared. The sections were H&E stained for histology analysis to confirm the presence of brain metastases.
Northern blot analysis. Cellular mRNA was then extracted by using a FastTrack mRNA isolation kit (Invitrogen). mRNA (5 Ag) was separated electrophoretically on a 1% denaturing formaldehyde agarose gel, transferred to a nylon membrane, and hybrid with [ 32 P]dCTP labeled SOCS-1 cDNA probes. Equal loading of mRNA samples was monitored by hybridizing with a h-actin cDNA probe.
Western blot analysis. Standard Western blotting of whole cell lysates was performed with antibodies to tyrosine-phosphorylated Stat3 (Tyr 705 ), Stat3, phosphorylated p44/42, p44/42 (Cell Signaling Technology), SOCS-1 (Zymed Laboratories, Inc.), or vascular endothelial growth factor (VEGF; Santa Cruz Biotechnology). Equal protein sample loading was monitored by using an anti-h-actin antibody.
Electrophoretic mobility shift assay. The electrophoretic mobility shift assay (EMSA) was performed, as described previously (7, 28) . For supershift analyses, the cell extracts were preincubated with specific antibodies against Stat3 (Zymed Laboratories, Inc.). Protein-DNA complexes were resolved on a 6% nondenaturing polyacrylamide gel. The gels were then dried and autoradiographed.
Endothelial cell tube formation assay. The tube formation assay was performed, as described previously (26) . Briefly, 250 AL of growth factorreduced Matrigel (Collaborative Biomedical Products) was pipetted into each well of a 24-well plate and polymerized for 30 min at 37jC. Human umbilical vascular endothelial cells (HUVEC) were harvested after trypsin treatment and suspended in a conditioned medium from 1 Â 10 6 melanoma cells. Next, 2 Â 10 4 HUVECs in 300 AL of conditioned medium were added to each well and incubated at 37jC and 5% CO 2 for 20 h. The cultures were photographed under a bright-field microscope.
Real time reverse transcription-PCR. Total RNA was isolated with TRIZOL reagent (Invitrogen). First-strand cDNA was synthesized from 2 Ag of total RNA using MMLV reverse transcriptase (Invitrogen). Real-time PCR was carried out with 2 AL of the cDNA and SYBR Green Master Mix (Bio-Rad). Forward and reverse primers for matrix metalloproteinase-2 (MMP-2) and VEGF were as follows: MMP-2 primers ( forward 5 ¶-ATGACAGCTGCACCACTGAG-3 ¶, reverse 5 ¶-ATTTGTTGCC-CAAGGAAAGTG-3 ¶), VEGF 121 primers ( forward 5 ¶-GATCAAACCTCAC-CAAGGCCA-3 ¶, reverse 5 ¶-GCCTCGGCTTGTCACATTTTTC-3 ¶), and VEGF 165 primers ( forward 5 ¶-CAGATTATGCGGATCAAACCTCA-3 ¶, reverse 5 ¶-CAAGGCCCACAGGGATTTTC-3 ¶). Each sample was run in triplicate for the target gene and the control gene.
Gelatin zymography. MMP-2 activity was measured by a standard assay using serum-free supernatants collected from cell cultures (24 h ) and normalized by cell numbers (7) . The samples were separated on a 7.5% SDS-PAGE gel containing 1 mg/mL of gelatin. The gel was washed in wash buffer and then incubated for 36 h at 37jC in incubation buffer. Finally, the gel was stained with a 0.1% Coomassie Blue R-250.
Matrigel invasion assay. An in vitro invasion assay was performed, according to the procedure described (7) . Briefly, conditioned medium from SOCS-1 and Brain Metastasis www.aacrjournals.org 1 Â 10 6 HF-U251MG astrocytoma cells was placed in the lower wells to act as a chemoattractant. Melanoma cells (2.5 Â 10 3 ) in 300 AL of serum-free medium were placed in the upper chambers and incubated at 37jC for 22 h. Next, the cells on the upper surface of the filter were completely removed by using cotton swabs; the cells on the lower surface of the filter were stained with H&E. Cells were counted at a magnification of Â200 (Â20 objective and Â10 ocular) in 10 randomly selected fields, and the mean number of cells per field was recorded.
Statistical analysis. Differences in staining scores among the patient specimens were assessed with the m 2 test. Differences in the in vitro data were examined with two-tailed Student's t tests, and differences between median values of the in vivo data were compared by using the two-tailed Mann-Whitney test.
Results
JAK2 expression is higher in brain metastatic cells than in primary melanoma cells. The highly brain metastatic A375Br melanoma cell line exhibits higher Stat3 activity than that in its parental poorly metastatic A375P primary melanoma cells (7) . To study the mechanism that might be responsible for the increased Stat3 activation in brain metastatic cells, we first examined one of the upstream signals of Stat3 activation and JAK2 protein and found a higher JAK2 protein expression in A375Br cells than that in A375P cells (Fig. 1A) . Pulse-chase experiments showed that the turnover of [ 35 S]JAK2 in A375Br cells was significantly decreased compared with that in A375P cells (Fig. 1B) , whereas no significant difference of 35 S incorporation into the total proteins of A375P and A375Br cells was noted (data not shown) at those time points. These results indicated that the increased JAK2 expression in A375Br cells was due, at least in part, to increased stability of JAK2 protein.
SOCS-1 expression is lower in brain metastatic cells than in primary melanoma cells. Because the degradation of JAK2 is affected by SOCS-1 protein level (17, 18), we then examined the endogenous expression of SOCS-1 in cultures of A375P and A375Br cells. Immunoblotting with an anti-SOCS-1 antibody clearly showed a significantly decreased SOCS-1 expression in A375Br cells compared with that in A375P cells (Fig. 1C) .
To determine a possible clinical relevance of our in vitro observation that SOCS-1 expression was decreased in brain metastatic melanoma cells, we analyzed SOCS-1 expression in 42 specimens of melanoma brain metastases, 40 specimens of primary melanoma, and 8 specimens of normal skin by immunohistochemical staining. We found that 9 of the primary melanomas (22.5%) were strongly positive (+++), 17 (42.5.2%) were moderately positive (++), and 14 (35%) were negative for SOCS-1. This is similar to a historical positive percentage (f70%) for primary melanomas regardless of stage (23) . In contrast, only 2 of the brain metastases (4.9%) were strongly positive, 16 (38%) were moderately positive, and 24 (57.1%) were negative for SOCS-1. A significantly less SOCS-1 was expressed in melanoma brain metastases than in primary melanoma specimens (P < 0.01, m 2 test; Fig. 1D ). We detected SOCS-1 protein expression in only one of the eight normal skin specimens. Representative sections of strong staining (+++), moderate staining (++), and negative or weak staining (0/+) for SOCS-1 were shown in Supplementary Fig. S1 . Thus, the human melanoma brain metastases tissues apparently had a substantially lower level of SOCS-1 expression than the primary melanoma tissues.
Restoring SOCS-1 expression inhibits brain metastasis of melanoma cells. The above studies for the first time provided both experimental and clinical evidence that SOCS-1/JAK2/Stat3 signaling was disturbed, and the disturbance was closely associated with brain metastasis. To determine the causal role of SOCS-1 expression in brain metastasis of melanoma, we genetically modified SOCS-1 expression in brain metastatic A375Br cells by transfecting them with a SOCS-1 expression vector. To avoid clonal selection and variation, we carried out three independent transfections of pcDNA3.1-SOCS-1 in the cell line and pooled G418-resistant colonies to establish stable transfectants, designated as SOCS-1-transfected A375Br cell lines (A375Br-SOCS-1-a, A375Br-SOCS-1-b, and A375Br-SOCS-1-c). A375Br cells were also transfected with pcDNA3.1-hygro vector to generated A375Br-hygro control cells. Northern blotting revealed that A375Br and A375Br-hygro cells expressed very low levels of endogenous SOCS-1 mRNA ( Fig. 2A, top) . The A375Br-SOCS-1cells expressed exogenous SOCS-1 mRNA of a lower molecular weight than the endogenous form, because the SOCS-1 expression vector contains only the coding region of the SOCS-1 gene. Western blotting also confirmed that SOCS-1 protein expression was increased in the pcDNA3.1-SOCS-1-transfected A375Br cells (Fig. 2A, bottom) .
We evaluated the effect of increased SOCS-1 expression on cell growth and apoptosis in vitro. We found that A375Br, A375Br-hygro, and A375Br-SOCS-1 cells have no difference on growth rates, cell cycling (data not shown), and apoptosis (Fig. 2B) . Next, we evaluated the effect of increased SOCS-1 expression on brain metastasis in vivo. The A375Br and A375Br-hygro control cells produced brain metastases in 100% of mice ( Table 1 ). The incidence of brain metastases reduced to 44.4%, 50%, and 22.2% in mice injected with A375Br-SOCS-1-a, A375Br-SOCS-1-b, and A375Br-SOCS-1-c cells, respectively (Table 1) . Thus, the average brain metastasis incidence of SOCS-1-transfected A375Br cells is 61.2% lower than that of A375Br and control vector-transfected A375Br cells (P < 0.001). With regard to survival time, all of the mice injected with A375Br or A375Br-hygro cells died before day 87 after injection but 78%, 56%, and 50% of the mice injected with A375Br-SOCS-1 variants were alive at 87 days (and indeed, at 120 days; P < 0.001; Fig. 2C ). These results show that up-regulation of SOCS-1 expression significantly inhibited the metastasis of melanoma cells to the brain. However, the growth of A375Br-SOCS-1 cells injected into the subcutis of mice was only slightly inhibited relative to that of control cells (no statistical significance; Fig. 2D ). Moreover, the apoptosis rate of A375Br-SOCS-1 subcutaneous tumors was similar to that of A375Br or A375Br-Hygro subcutaneous tumors (Supplementary Fig. S2 ).
Altering SOCS-1 expression affects Stat3 activation. Because SOCS-1 can inhibit the tyrosine phosphorylation of STATs, specifically Stat1 and Stat3, we examined pStat1 and pStat3 protein levels in SOCS-1-transfected A375Br cells by Western blotting. Amounts of tyrosine-phosphorylated Stat3 (pStat3), but not total Stat3, were decreased in all of the A375Br-SOCS-1 cell lines relative to the parental and vector-transfected A375Br cells (Fig. 3A, left) . pStat1 was not detected in parental or SOCS-1-transfected A375Br cells, although those cells did express Stat1 protein (data not shown), suggesting that Stat1 is not constitutively activated in these cells. In addition, an EMSA showed significantly lower Stat3-binding activity in the SOCS-1-transfected A375Br cells than in the parental and control vector-transfected cells (Fig. 3A,   right) . The specificity of Stat3 DNA-binding activity in these cells was confirmed by a competition assay with an unlabeled Stat3 consensus probe and by a supershift assay with a Stat3-specific antibody (Fig. 3A, right) . Furthermore, we analyzed the Stat3 activity in metastatic tumors produced by A375Br or SOCS-1-transfected A375Br cells. Although most mice injected with SOCS-1-transfected A375Br cells did not have metastatic tumors in the brain, a few mice developed small lesions, which were confirmed by histology (Supplementary Fig. S3 ; H&E). We found that the level of tyrosine-phosphorylated Stat3 (pStat3) was drastically decreased in SOCS-1-transfected A375Br tumors compared with A375Br-hygro tumors (Supplementary Fig. S3 ).
We also used another human melanoma cell line TXM-18, which was isolated from brain metastases of a patient and is highly metastatic to the brain of nude mice (7) . In consistent with the results of A375Br, TXM-18 cells have very a low level of SOCS-1 but a high level of tyrosine-phosphorylated Stat3 (pStat3) expression (Fig. 3B) . Increased SOCS-1 expression in TXM-18 cells by transfection of SOCS-1 significantly reduced the pStat3 expression (Fig. 3B) .
In a parallel set of experiments, we depleted the expression of SOCS-1 in A375P cells (which express high levels of SOCS-1) by transfecting them with SOCS-1-specific siRNA and assessed the Stat3 activity in those cells. SOCS-1 expression was sharply reduced after SOCS-1-siRNA transfection (Fig. 3C, left) , whereas Stat3 activity was increased in the SOCS-1-siRNA-transfected A375P cells compared with that in mock-transfected or control-siRNAtransfected cells, as determined by EMSA (Fig. 3C, right) . However, the levels of total and phosphorylated p44/42 mitogen-activated Fig. S4A ). These findings further confirm that SOCS-1 can specifically suppress Stat3 activation.
Altering SOCS-1 expression affects MMP-2 expression and melanoma cell invasion. Cell growth, invasion, and angiogenesis are critical aspects of melanoma biology. Our initial mechanism study revealed no differences in in vitro growth rates, cell cycling, and apoptosis among the A375Br, A375Br-hygro, and A375Br-SOCS-1 cells (Fig. 2B) . However, the A375Br-SOCS-1 cells exhibited significantly decreased invasion through a Matrigel-coated filter compared with control cells (Fig. 4A  and B) . Increased SOCS-1 expression in TXM-18 cells by transfection of SOCS-1 significantly inhibited invasion of the cells compared with control cells (Fig. 4A and B) . In contrast, the SOCS-1-siRNA-transfected A375P cells, in which SOCS-1 level was decreased compared with that in control cells ( Supplementary Fig. S4B ), exhibited significantly increased invasion ( Fig. 4A and B) . These results suggested that altered SOCS-1 expression affected the invasiveness of melanoma cells. Moreover, we found that A375Br cells expressed a high level of MMP-2 but a very low level of MMP-9 (data not shown) and that inhibition of MMP-2 expression and activity significantly suppressed the invasiveness of A375 Br cells ( Supplementary  Fig. S5 ). Thus, we next assessed the MMP-2 regulation in these cell lines and found that the SOCS-1-transfected A375Br cells exhibited lower MMP-2 RNA and activity levels in vitro than did (Fig. 4C) . Also, the SOCS-1-transfected TXM-18 cells exhibited lower MMP-2 RNA, enzyme activity, and promoter activity levels in vitro than did the parental or vector-transfected TXM-18 cells (Fig. 4C and Supplementary Fig. S4D ). Furthermore, MMP-2 expression was consistently decreased in the brain metastatic tumors formed by SOCS-1-transfected A375Br cells in mice (Supplementary Fig. S3 ). In contrast, SOCS-1-siRNA-transfected A375P cells exhibited higher expression of MMP-2 at both the RNA and protein levels when compared with mock-transfected or control-siRNA-transfected A375P cells (Fig. 4C) . Collectively, these results suggest that modifying SOCS-1 levels affects the expression of MMP-2 and the invasiveness of melanoma cells.
Altering SOCS-1 expression affects VEGF and basic fibroblast growth factor expression in and the angiogenic potential of melanoma cells. Because the metastatic process depends on angiogenesis (29), we next sought to determine whether modifying SOCS-1 expression would affect angiogenesis in brain metastatic tumors. We assessed vascularization in brain metastases by staining mouse brain metastasis tissue sections with an anti-CD34 antibody and found that brain metastases produced by A375Br-hygro cells were highly vascularized, whereas brain metastases produced by SOCS-1-transfected cells had considerably lower microvessel density (Supplementary Fig. S3 ).
To provide direct evidence that SOCS-1 regulates the angiogenic phenotype of melanoma cells, we conducted an endothelial cell tube formation assay. We found that the conditioned media from A375Br-SOCS-1 cell cultures had a significantly reduced capillary tube formation compared with the conditioned media from parental and vector control-transfected A375Br cells (Fig. 5A) . Also, the conditioned media from SOCS-1-transfected TXM-18 cells had a significantly reduced capillary tube formation compared with the conditioned media from parental or vector-transfected TXM-18 cells (Fig. 5A) . In contrast, the conditioned medium of A375P cells transfected with SOCS-1-siRNA, but not those transfected with control-siRNA, had greater angiogenic potential than the conditioned medium of A375P cells (Fig. 5A) . The down-regulation of SOCS-1 expression in these SOCS-1-siRNAtransfected A375 cells was confirmed by the Western blot analysis of cell lysates (Supplementary Fig. S4C ).
Finally, given the established role of VEGF and basic fibroblast growth factor (bFGF) in melanoma angiogenesis (30) (31) (32) , we evaluated VEGF and bFGF expression in brain metastatic tumors. Consistent with the microvessel density findings, VEGF and bFGF staining was prominent in the brain metastatic lesions, but not in lesions formed by SOCS-1-transfected cells ( Supplementary  Fig. S3 ). The expression of VEGF RNA and protein in SOCS-1-transfected A375Br and TXM-18 cells was also significantly decreased compared with control cells (Fig. 5B and C) . Moreover, the promoter activity of VEGF in SOCS-1-transfected TXM-18 cells was significantly decreased compared with control cells (Supplementary Fig. S4D ). Conversely, expression of VEGF in SOCS-1-siRNA-transfected A375P cells was increased at both RNA and protein levels ( Fig. 5B and C) . Similar findings were noted for bFGF expression, i.e., increased SOCS-1 expression repressed bFGF expression, whereas knockdown of SOCS-1 expression did the opposite (Supplementary Fig. S6 ). Collectively, these findings suggest that SOCS-1 inhibits angiogenesis partly through the inhibition of VEGF and bFGF expression.
Discussion
In the present study, we found that SOCS-1 expression was reduced in the brain metastatic melanoma cell line A375Br compared with the original A375P cell line. Likewise, SOCS-1 expression was lower in specimens of human brain metastases than in primary melanoma specimens. The decreased SOCS-1 expression was related to increased JAK2 expression in A375Br cells. Moreover, in an animal model, increased SOCS-1 expression suppressed brain metastasis of human melanoma cells. Increased SOCS-1 expression inhibited the activation of Stat3 in vitro and in vivo, whereas depletion of SOCS-1 increased the activation of Stat3. Furthermore, modifying SOCS-1 expression levels significantly affected the in vitro and in vivo expression of VEGF, bFGF, and MMP-2 and affected melanoma angiogenesis and invasion. To the best of our knowledge, our findings provide the first direct evidence that SOCS-1 has an inhibitory role in the brain metastasis of human melanoma.
A previous report from Li and colleagues indicated that SOCS-1 immunoreactivity was absent or undetectable in the epidermis of normal skin but that primary cutaneous melanomas at different stages expressed variable degrees of SOCS-1 immunoreactivity, with f30% of primary cutaneous melanomas being negative for SOCS-1 staining regardless of stage (23) . These results are consistent with our findings here. However, the previous report also indicated that metastatic melanomas express high levels of SOCS-1, whereas we found that brain metastatic melanomas expressed low levels of SOCS-1. The discrepancy in these results may reflect differences in the sample sizes or the organs assessed.
Indeed, the study reported by Li and colleagues included only two cases of distant metastasis (lymph nodes) and nine cases of local metastases (23) . Li and colleagues speculated that increased SOCS-1 expression in melanoma cells may either directly promote cell proliferation or render tumor cells insensitive to IFN released by the surrounding tissue, because SOCS-1 can inhibit Stat1. To clarify this issue, we examined the tumor growth and metastatic ability of melanoma cells that overexpressed SOCS-1. We observed that SOCS-1 expression slightly inhibited subcutaneous tumor growth but significantly inhibited brain metastasis of the melanoma cells. These results indicated that SOCS-1 expression in melanoma cells does not promote cell growth in vivo. However, because Stat1 activity was not detected in this experimental system, our results do not indicate that SOCS-1 modulated the in vivo growth by inhibiting Stat1.
We previously showed that activation of Stat3 in human melanoma promotes brain metastasis in nude mice (7). Stat3 is activated by numerous cytokines, growth factors, and oncogenic proteins through activation of JAK2 (33, 34) . Conversely, Stat3 activation is negatively regulated by several proteins, including SOCS-1. The findings from our current study showed that less SOCS-1 was expressed in brain metastatic cells than in primary melanoma cells. Moreover, JAK2, which activates Stat3, is targeted for ubiquitination by SOCS-1 and showed increased expression in brain metastatic cells, presumably due to decreased degradation. Furthermore, inhibition of SOCS-1 expression in melanoma cells increased Stat3 activation, whereas enforced SOCS-1 expression in brain metastatic cells inhibited the activation of Stat3. Therefore, increased Stat3 activity in melanoma metastases might be due, at least in part, to decreased SOCS-1 expression.
Increased SOCS-1 expression has been shown to inhibit tumor cell growth induced by receptors for IL-6 and epidermal growth factor by suppressing Stat3 activation (19, 22, 35) . However, we found that the growth of SOCS-1-transfected A375Br cells in vitro was no different from that of the A375Br or control vectortransfected cells. This lack of a growth effect could be because the A375Br cells do not require Stat3 activation for growth in vitro. Indeed, our previous study showed that inhibiting Stat3 activation in A375Br cells with a Stat3 dominant-negative construct did not affect growth in vitro (7). Here, we showed that modifying SOCS-1 expression significantly affected expression of VEGF, bFGF, and MMP-2 in vitro and in vivo and affected melanoma angiogenesis and invasion. Therefore, the mechanisms by which SOCS-1 inhibits brain metastases may be attributed, at least in part, to the downregulation of angiogenesis and invasion. Also, these results are consistent with the previous findings that Stat3 signaling affects the expression of a variety of genes that are critical to invasion and angiogenesis (36) (37) (38) , including MMPs and VEGF. Because angiogenesis and invasion processes are not unique to brain metastasis, SOCS-1 may not be an organ-specific regulator of metastatic potential. However, that would not downplay the importance of SOCS-1 in brain metastasis, because clinical observations suggest that many patients with melanoma metastatic to the brain also have metastases in the lungs and other organs and that some brain metastases are produced by cells populating lymph node or visceral metastases (i.e., metastasis of metastases; ref. 39) .
The mechanisms responsible for the decreased expression of SOCS-1 in brain metastases are not known. SOCS-1 expression has been shown to be down-regulated because of promoter methylation and/or mutation of the SOCS-1 gene in several types of cancer, including hepatocellular carcinoma, multiple myeloma, and gastric, colorectal, ovarian, and breast carcinomas (19, (40) (41) (42) (43) (44) (45) (46) . However, this does not seem to be the case for melanoma cells, because SOCS-1 transcripts were constitutively present in normal and transformed human melanocytes, whereas SOCS-1 protein was detectable only in melanoma cells (23) . Interestingly, SOCS-1 expression may also be controlled by posttranscriptional mechanisms (35, 47) . We are currently investigating whether aberrant SOCS-1 expression in melanoma brain metastases results from a change in the stability of the protein. Nonetheless, our present findings strongly suggest that SOCS-1 has an important role in brain metastasis through the regulation of multiple metastasisassociated factors and could be a potential therapeutic target for brain metastasis of melanoma. It would be of great interest to test the efficacy of a novel SOCS-1 mimetic tyrosine kinase inhibitor (22, 48) on brain metastasis of melanoma.
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